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Abstract

Competitive interactions between two sessile, epibenthic species were investigated on the Great
Barrier Reef (GBR) in the presence and absence of added nutrients, as part of the Enrichment of
Nutrients on Coral Reefs Experiment (ENCORE). Sarcophyton ehrenbergi Marenzeller (Octocor-
allia: Alcyonacea), an alcyonacean soft coral, and Pocillopora damicornis (Linnaeus), a scleractinian
coral, were relocated and placed in contact with each other on large plastic grids on each of 12 micro-
atolls within the One Tree Island (OTT) lagoon (23°30'S, 152°96'E, GBR). These micro-atolls were
allocated in equal-sized groups to three enrichment treatments (addition of nitrogen, N; addition of
phosphorus, P; addition of both nitrogen and phosphorus, N+P) and one control. Non-relocated
(NR) and relocated colonies were also monitored as controls. After relocation and 1 year of nutrient
enrichment, concentrations of a terpenoid complementary metabolite—sarcophytoxide—and wax
esters were analyzed in colonies of S. ehrenbergi that had been exposed to elevated concentrations of
N, P, N+P and compared with colonies on the non-nutrient-enriched control. Non-relocated control
colonies from the natural environment were monitored over a period of 1 year and compared to
colonies relocated to the control micro-atolls to assess handling effects. Analyses were performed on
non-interacting S. ehrenbergi colonies, S. ehrenbergi colonies in experimental contact with P.
damicornis colonies, and on non-interacting S. ehrenbergi colonies from the site of initial collection.
Significant differences were found between sarcophytoxide levels in colonies of S. ehrenbergi in
contact with P. damicornis vs. control/non-contact colonies; contact colonies had higher levels of this
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metabolite. Non-relocated control colonies of S. ehrenbergi exhibited significantly higher levels of
sarcophytoxide than relocated control colonies. Augmentation of nutrient levels on the micro-atolls
significantly increased sarcophytoxide levels in S. ehrenbergi colonies relative to colonies on the
control micro-atolls, although this response was not strong. Concentrations of fatty esters increased
significantly through time in S. ehrenbergi colonies in their natural setting (non-relocated controls).
This variability was not observed in relocated colonies in the treatment and control micro-atolls,
irrespective of contact with P. damicornis. Concentrations of fatty esters in colonies of S. ehrenbergi
in contact with P. damicornis were significantly lower than control/non-contact colonies, indicating
that there is a cost in terms of stored energy reserves for the production of additional complementary
metabolites when involved in competition for space. Augmentation of P levels in micro-atolls
induced significant increases in fatty ester levels within S. ehrenbergi colonies vs. colonies in control
micro-atolls, or in micro-atolls treated with added N or N+ P together. These findings indicate that
interspecific competition for space between a scleractinian coral and an alcyonacean soft coral and/or
changes in the environmental nutrient regime can influence concentrations of complementary/
secondary metabolites in the alcyonacean coral and the organism’s stored energy reserves.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Soft corals are one of the most important groups of invertebrates on the Great Barrier
Reef (GBR; Dinesen, 1983). They produce an array of natural products, sometimes called
complementary (secondary) metabolites (Sammarco and Coll, 1997), which can play
important roles in the complex behavioral and ecological interactions among organisms
(Fishelson, 1970; Whittaker and Feeny, 1971; Tursch et al., 1978; Bakus, 1981; Bakus et
al., 1986; Coll and Sammarco, 1983; Sammarco and Coll, 1988). The high concentrations
of diterpenes found in the tissues of soft corals (Tursch et al., 1978; Coll, 1992; Faulkner,
2000) have been shown to play important roles in strategies used by soft corals against
organisms competing for space on a coral reef (La Barre et al., 1986; Sammarco and Coll,
1988; Van Alstyne and Paul, 1988; Van Alstyne et al., 1994; Slattery and McClintock,
1995; Slattery et al., 1999).

Many studies have been carried out on the allelopathic effects observed in interactions
between alcyonacean and scleractinian corals (La Barre and Coll, 1982; Sammarco et al.,
1983, 1985; Coll and Sammarco, 1983, 1992; De Ruyter van Stevenick et al., 1988; Coll,
1992; Sammarco and Coll, 1990). These effects include retardation of growth and tissue
necrosis or mortality of scleractinians via direct tissue-to-tissue contact. Mortality may also
occur as a result of the passage of allelochemicals (Whittaker and Feeny, 1971) through the
water column in the absence of contact (Coll et al., 1982; Schulte et al., 1991). In this way,
soft corals are able to maintain and expand their living space (Sammarco et al., 1983).

The competitive balance between certain species of corals can also be controlled by
environmental factors (i.e., temperature, wave action, light, predation, food, etc.; Alino et
al., 1992; Coll, 1992). Indeed, the higher nutrient concentrations in inshore waters of the
GBR (Sammarco and Crenshaw, 1984; Risk et al., 1994; Sammarco et al., 1999; Devlin et
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al., 2000; Lourey et al., 2001; and others) may contribute to the dominance and possible
expansion by octocorals in this region (Alino et al., 1992; Fabricius and Dommisse, 2000;
also see Ben-David-Zaslow et al., 1999).

Variation in concentrations of sarcophytoxide, a compound known to be toxic (Tursch
et al., 1978; Bowden et al., 1987), between different colonies of Sarcophyton ehrenbergi
at One Tree Island (OTI), Great Barrier Reef, Australia, encouraged us to investigate
whether we might observe any effects of nutrients on the concentration of several
complementary metabolites of S. ehrenbergi involved in competitive interactions with
the hard coral Pocillopora damicornis. As well as the cembranoid diterpene sarcophyt-
oxide, wax esters (of which cetyl palmitate is a common constituent) were quantitatively
analysed. This was done to provide an indicator of variation in energy storage
compounds. There has been no comparable long-term in situ experiment, which has
investigated whether soft corals modify their chemical composition and their ability to
exert allelopathic effects on neighbouring organisms under the influence of elevated
concentrations of nutrients.

2. Material and methods
2.1. Study site and experimental design

These experiments were part of a large-scale, wide-spectrum field experiment entitled
“the Enrichment of Nutrients on Coral Reefs Experiment” (ENCORE; see Steven and
Larkum, 1993; Larkum and Steven, 1994; McGill and Steven, 1994). Our experiment was
performed on 12 micro-atolls within the One Tree Island lagoon at the southern end of the
GBR (23°30'S, 152°96'E), during 1 annual cycle (March 1995, July 1995, September
1995 and February 1996). The experiment was broken into two parts. The first was a four-
way, nested Model-I orthogonal design. The first factor was experimental variation in
nutrient concentrations. The nutrients used were nitrogen, as ammonium chloride
(NH4CI), and phosphorus, as potassium di-hydrogen phosphate (KH,PO,4). The sub-
treatments within this factor were 20 uM N added to a set of micro-atolls (see below), 4
UM P added to another set of micro-atolls and a combination of these amounts (N +P)
added to a third set of micro-atolls. A fourth set of micro-atolls received no nutrient
additions, as a control. Nutrient treatments involved additions twice daily, commencing on
each low tide, with two further additions 1 and 2 h after low water. Details of the
ENCORE protocol may be found in the above references.

Nested replication represented the second factor, with each of the above treatments
being replicated via three independent micro-atolls.

The third factor was a set of colonies of S. ehrenbergi, which had been transplanted
from a separate locale onto each of the above 12 micro-atolls. Three colonies were
relocated (transplanted), as is, to each micro-atoll. An additional three colonies were
transplanted into contact with colonies of P. damicornis, to examine the response of the
soft coral to competition for space under the influence of these varying nutrient regimes.

The fourth factor was time. Samples were collected in March, July and September of
1995, and February 1996.
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A second sub-experiment was conducted to control for the effects of relocation of soft
coral colonies. This followed a two-way Model I orthogonal design. Here, six colonies
(NR) from the original collection site were monitored. Samples were taken over the same
general period, using three sampling times-July and September 1995, and February 1996.
They were compared with the relocated, non-contact controls.

2.2. Sample collection

S. ehrenbergi colonies attached to hard substrate were collected from the entrance of the
lagoon, attached to heavy plastic grids and labeled as two sets of three colonies in each of
the ENCORE micro-atolls (see Tentori et al., 1997; Fleury et al., 2000). P. damicornis
(Hexacorallia, Scleractinia) colonies, obtained from the outer wall of the micro-atolls, were
placed in contact with S. ehrenbergi on one of the two grids in each micro-atoll. In order to
reduce the stress associated with transplanting the organisms from one environment to
another, soft coral colonies were first transplanted temporarily to a separate micro-atoll for 3
months prior to placement on the experimental micro-atolls. This experiment began in
March 1995, under the nutrient regime commenced in September 1994,

From the six S. ehrenbergi colonies transplanted to each micro-atoll, and from the six NR
colonies tagged at the entrance to the lagoon, ~ 2-cm-thick cake-like slices were cut from
the edges into the disc, and to the base of the stem, and removed. This was done on four
occasions: March 1995, July 1995, September 1995 and February 1996. Repeated sampling
from the same colony has been shown to have no effect on metabolite concentrations
through time (Leone, 1993). NR samples were only collected on the last three occasions.

2.3. Chemical and statistical analyses

The crude extracts from two paired samples per micro-atoll (i.e., samples from three
isolated S. ehrenbergi [S] colonies and from three S. ehrenbergi in contact with P,
damicornis [SP] colonies) and from six NR colonies, were prepared for quantitative analysis
by "H-NMR spectroscopy. Identification of the diterpene sarcophytoxide and of wax esters,
including cetyl palmitate, in the crude extracts was confirmed by mass spectrometry coupled
with gas chromatography. Details of isolation and identification of the complementary
metabolite, sarcophytoxide (Bowden et al., 1987), analysed in this work and of wax esters
such as cetyl palmitate (Vanderah et al., 1978), including the quantitative methodology
applied, have been described previously (Leone et al., 1995; Fleury et al., 2000).

This experiment produced a large number of samples (312). Because of the cost-and
labor-intensiveness of sample processing via H-NMR, it was necessary in many cases to
pool replicates within a sub-treatment. This reduced the overall sample size to 104. The
chemical concentrations from these pooled samples then afforded an average and the sample
size was concomitantly lowered. This, of course, reduces the Power of the Test (Sokal and
Rohlf, 1981), making the statistical analyses more conservative than if all samples had been
kept separate. Thus, the results must be more robust in order to yield a significant result.

All percent-concentration data were transformed by arcsine for purposes of normaliza-
tion prior to analysis and graphing (Zar, 1984; Sokal and Rohlf, 1981). In some cases where
sample size were unequal due to missing samples, some replicates were omitted from



B.G. Fleury et al. / J. Exp. Mar. Biol. Ecol. xx (2004) xxx—xxx 5

statistical analyses to allow analysis by multi-way ANOVA. The samples to be excluded
were chosen with the assistance of a random numbers table (Rohlf and Sokal, 1981). Details
of statistical tests and results may be found in figure legends. Higher-order interactions
themselves will only be discussed if significant. In cases where no significant higher-order
interactions have been identified through statistical analyses, the results of main effects will
be shown individually to simplify presentation and facilitate interpretation of the results.

3. Results

3.1. Field observations of experimental colonies

AllL S. ehrenbergi colonies survived both the preliminary acclimatization transplant and
introduction to the experimental micro-atolls. They also gained biomass and regenerated

Sarcophytoxide Concentration in Sarcophyton ehrenbergi
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Fig. 1. Concentration of sarcophytoxide, a complementary (secondary) metabolite, in S. ehrenbergi. Levels shown
under conditions where the soft coral was placed in contact with the scleractinian coral P. damicornis vs. non-
contact (control) conditions. Concentrations shown in percent. Mean with 95% confidence limits shown. n;=12.
Data transformed by arcsine for purposes of normalization. Significant difference found between contact and non-
contact concentrations (p<0.001, four-way ANOVA). No significant higher-order interactions were found
between contact, nutrient-addition, reef and time; therefore, data have been summed over these main effects and
presented accordingly.
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well between sampling times. Several colonies were observed to secrete mucus sheets on
their polypary surfaces, a natural phenomenon reported elsewhere (Coffroth, 1985; Coll et
al., 1987). Asexual reproduction by fragmentation, budding, and stolon formation was also
observed during the course of the study. Two-thirds of the P. damicornis colonies used in
the contact vs. non-contact experiment died during the course of the experiment (March
1995, n=36; February 1996, n=11).

3.2. Manipulative experiments

Sarcophytoxide levels in S. ehrenbergi varied greatly in concentration between colonies
in this experiment (0.01-0.61% dry weight). In considering the effect of competition for
space on the concentration of this metabolite, there was a highly significant effect of
contact between the soft coral and scleractinian coral on sarcophytoxide concentration
(Fig. 1). On the average, sarcophytoxide concentrations were three times higher in

Sarcophytoxide Concentration
in Sarcophyton ehrenbergi
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Fig. 2. Concentration of sarcophytoxide in S. ehrenbergi. Levels shown under conditions where the soft coral has
been relocated from a source area at the lagoon entrance at One Tree Island to 12 micro-atolls. Concentrations
shown in percent. Mean with 95% confidence limits shown. Data transformed by arcsine for purposes of
normalization. Significant difference found between relocation and non-relocation concentrations (p <0.01, two-
way ANOVA). No significant effect of time was found (p>0.05) nor was there any significant higher-order
interaction; thus, significant main effect data are shown here, summed over time.
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colonies under contact conditions than in the controls. Some of the P. damicornis colonies
died during the course of the experiment, leaving only the skeleton behind, still in contact
with the soft coral. In those cases, no further increase in sarcophytoxide was observed in
the interacting S. ehrenbergi colonies.

The most dramatic shifts in sarcophytoxide concentration in this experiment occurred in
the control colonies, which were transplanted to micro-atolls. Sarcophytoxide concen-
trations decreased significantly and dramatically in transplanted S. ehrenbergi colonies,
compared to the non-relocated control colonies (p<0.01, two-way ANOVA; Fig. 2).
Colonies in their natural environment (non-relocated controls) produced higher levels of
sarcophytoxide (0.42—0.61% dry weight) than relocated colonies, whether growing in
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Fig. 3. Concentration of sarcophytoxide in S. eirenbergi. Levels shown under conditions where soft corals have
been transplanted to micro-atolls subjected to additions of nitrogen (as ammonium chloride, NH,4Cl), phosphorus
(as potassium di-hydrogen phosphate, KH,PO,), and N and P together, respectively. Control micro-atolls without
nutrient additions were also used. Concentrations shown in percent. Mean with 95% confidence limits shown.
Data transformed by arcsine for purposes of normalization. Significant overall difference in sarcophytoxide
concentrations between nutrient-addition treatments (p <0.05, four-way ANOVA). This significance was not
strong; however, a posteriori multiple comparison of means indicated no significant differences between
individual means using the T, T, Tukey—Kramer, GT2, Games and Howell, Welsch Step-Up and SS-STP
methods (p>0.05 in all cases). No significant effects of reefs or time (p>0.05). No significant higher-order
interactions were found; therefore, data have been summed and presented accordingly.
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isolation (0.01-0.21% dry weight) or interacting with P. damicornis (0.08—0.28% dry
weight; Fig. 2).

There was no significant change in sarcophytoxide with respect to time when
considering the relocation vs. non-relocation controls (p>0.05, two-way ANOVA).
There was also no significant overall change in sarcophytoxide production when
averaged over all treatments or through time, over the period of the study (p>0.05,
four-way ANOVA).

There was a significant difference in mean sarcophytoxide concentrations within the
soft corals overall between the various nutrient addition treatments and control
(p<0.05, four-way ANOVA; Fig. 3). The response, however, was not necessarily a
strong one. More conservative a posteriori statistical analyses were unable to reveal
significant differences between means when tested individually against each other
(p>0.05, T-, T/, Tukey—Karmer, GT2, Games and Howell methods, etc.; see legend
Fig. 3). That is, the main effect was significant, but weak. It would appear that the

Fatty Ester Concentration in
Non-Relocated (Control) Sarcophyton ehrenbergi
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Fig. 4. Concentration of fatty esters in S. ehrenbergi through time, in control (non-relocated) colonies.
Concentrations shown in percent. Mean with 95% confidence limits shown. Data transformed by arcsine for
purposes of normalization. Significant difference in fatty ester concentrations through time (» <0.001, two-way
ANOVA). Significant increase in fatty ester concentrations through time as well (r=0.5983, p <0.01, Pearson’s
product-moment correlation; p <0.05, linear regression analysis, Y'=0.262X+4.704; but see Fig. 5 and discussion
in text).
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nitrogen-addition and the phosphorus-addition treatments were both driving the signif-
icant increase in sarcophytoxide production within the soft corals. Addition of a
combination of nitrogen and phosphorus together produced an average sarcophytoxide
concentration closer to that of the control, but with a high enough variance to not vary
greatly from either the other nutrient-addition treatments or the control (p>0.05, four-
way ANOVA).

With respect to fatty esters, the production of this suite of metabolites generally did not
change through time in the main treatments. A temporal effect was revealed, however, in
some of the controls (Figs. 4 and 5). Specifically, fatty ester production increased
significantly through time in the control (non-relocated) colonies (Fig. 4; p<0.001,
two-way ANOVA; p<0.01, Pearson’s product-moment correlation, »=0.5983; p <0.05,
linear regression analysis). No such significant change occurred through time in the
relocated colonies (Fig. 5; p>0.05, Pearson’s product-moment correlation; p>0.05, linear
regression analysis). Fatty ester concentration was originally low in the non-relocation
control colonies (<0.1%) but increased significantly, with the major jump in concentration
occurring between July and September 1995 (winter; Fig. 4). This is the only response in

Fatty Ester Concentration in
Relocated Sarcophyton ehrenbergi

3.0
2.0 -
s
:/‘\
<
.E:c: 1.0 C
Q @
Qo £
o &
5 =
o9
S 2 0.5 <
2 8
)
=
=
0.1 - -
0.0 T T T T T T T T

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
1995 1996

Fig. 5. Concentration of fatty esters in S. ehrenbergi through time, in relocated colonies, control group.
Concentrations shown in percent. Mean with 95% confidence limits shown. Data transformed by arcsine for
purposes of normalization. No significant difference in fatty ester concentrations through time ( p>0.05, four-way
ANOVA). Significant two-way interaction with relocation (p <0.05). (Also see Fig. 4).



10 B.G. Fleury et al. / J. Exp. Mar. Biol. Ecol. xx (2004) xxx—xxx

the study in which time was determined to significantly influence the concentration of
compounds being measured.

As a main effect, there was no significant difference between fatty ester concentrations
in relocated vs. non-relocated (control) colonies (p>0.05, two-way ANOVA). For the
reasons cited above, there was a significant higher-order interaction between relocation
and time (p<0.05).

Soft coral colonies placed in contact with P. damicornis exhibited significantly lower
concentrations of fatty esters than the control soft coral colonies not in contact with the
scleractinian coral (Fig. 6).

Fatty ester concentration in S. ehrenbergi also varied significantly with the addition of
nutrients to the local environment (Fig. 7). Most striking was the increase in fatty ester
concentration with the addition of phosphorus alone. The addition of nitrogen alone

Fatty Ester Concentration in
Sarcophyton ehrenbergi:
Contact vs. Non-Contact w. Coral
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Fig. 6. Concentration of fatty esters in S. ehrenbergi. Levels shown under conditions where the soft coral was
placed in contact with the scleractinian coral P. damicornis vs. control/non-contact conditions. Concentrations
shown in percent. Mean with 95% confidence limits shown. Data transformed by arcsine for purposes of
normalization. Significant difference between contact and non-contact concentrations (p<0.001, four-way
ANOVA). No significant higher-order interactions were found; therefore, data have been summed over other main
effects and presented accordingly.
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Fatty Ester Concentration in
Sarcophyton ehrenbergi
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Fig. 7. Concentration of fatty esters in S. ehrenbergi. Levels shown under conditions where soft corals have been
transplanted to micro-atolls subjected to additions of nitrogen (as ammonium chloride, NH4Cl), phosphorus (as
potassium di-hydrogen phosphate, KH,PO,), and N and P together, respectively. Control micro-atolls without
nutrient additions were also used. Concentrations shown in percent. Mean with 95% confidence limits shown.
Data transformed by arcsine for purposes of normalization. Significant difference in sarcophytoxide
concentrations between nutrient-addition treatments (p <0.001, four-way ANOVA). No significant higher-order
interactions were found; therefore, data have been summed over the other main effects and presented accordingly.

actually resulted in a significant decrease in the production of fatty esters and the addition
of both nitrogen and phosphorus resulted in no net change in fatty esters.

4. Discussion and conclusions

This report provides experimental evidence for the induction of terpenoid biosynthesis
caused by changes in the nature of interspecific competition. It also provides evidence for
either the inhibition of wax ester biosynthesis or the higher metabolism of wax esters
under these same conditions. A previous study had suggested that the chemical compo-
sition of the soft coral Sinularia flexibilis was a function of the competitive nature of the
soft coral’s environment (Maida et al., 1993). This study experimentally confirms a critical
relationship between inter-specific competition for space and terpene biosynthesis; that is,
a phytoalexin is being produced in response to direct contact with a competitor for space.
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(Phytoalexin is a botanical term meaning a toxic compound produced generally by higher
plants in response to attack by pathogens and to other stresses, sometimes referred to as a
plant antibiotic; these compounds are considered to be non-specific and have a general
fungicidal and/or bacteriocidal action. See Harborne [1999] and Grayer and Kokubun
[2001] for recent reviews).

S. ehrenbergi clearly thrives in the micro-atolls, an environment where they are not
readily found. The good health and condition of the soft coral colonies transplanted into
this habitat was indicated by the extent of their asexual reproduction. There, the colonies
fragmented, grew stolons to expand into surrounding space, and budded off smaller
colonies which were established around the experimental grids (see Dinesen, 1980;
Acosta, 1999; Acosta et al., 2001, in press).

Competition is known to be a major selective force in structuring benthic marine
communities (e.g., Connell, 1983). In particular, competition for space can be strong
enough to cause total local exclusion of species (Hughes et al., 1987; Alino et al., 1992).
At initiation of exposure to experimentally increased nutrient concentrations, some of the
experimental S. ehrenbergi colonies were in contact with P. damicornis. By the end of the
experiment, 69% of the P. damicornis colonies had died as a result of contact with, or
proximity to, S. ehrenbergi. P. damicornis occurred naturally on the micro-atolls. It is
unlikely that their mortality was due to the local micro-atoll environment; rather,
mortality was most likely due to contact with S. ehrenbergi. Pocillopora was not
significantly affected by the nutrient additions to these micro-atolls, as determined via
parallel observations made within the same experimental system at the same time
(Hoegh-Guldberg, in press; Koop et al., 2001). Indeed, during the ENCORE experiment,
P. damicornis exhibited an annual mortality frequency of only 17-22% when relocated
into the micro-atolls (Hoegh-Guldberg, in press). This is in contrast to the 69% mortality
of P. damicornis documented here, when these colonies were interacting with S.
ehrenbergi. The intensity of inter-specific competition for space and its effects on
sarcophytoxide production in particular was found to be virtually independent of the
nutrient regime.

The high mortality rates in P. damicornis were associated with increased levels of
sarcophytoxide in S. ehrenbergi (Fleury et al., 2000). As the levels of sarcophytoxide
increased in the soft coral, mortality in P. damicornis increased. Once the P. damicornis
colonies were dead, there was no further increase in the concentration of sarcophytoxide in
S. ehrenbergi colonies. Although sarcophytoxide is a minor chemical component of the
tissue of S. ehrenbergi at One Tree Island, it is highly bioactive (Kobayashi et al., 1983;
Kung and Ciereszko, 1977; Pass et al., 1989). It is a known fish toxin (Tursch et al., 1978)
and has been implicated as an allelopathic agent in inter-specific interactions with
scleractinian corals (Webb and Coll, 1983).

Naturally occurring Sarcophyton colonies (non-relocated colonies) produced signifi-
cantly higher levels of sarcophytoxide than relocated colonies interacting with P.
damicornis. The relocated control colonies (which were not placed in a competitive
interaction with P. damicornis) experienced a dramatic and highly significant decrease in
sarcophytoxide production after transplantation. In the study area, S. ehrenbergi colonies
compete for space with a wider range of organisms in their source locale (lagoon
entrance; Fleury, 1999). On the experimental micro-atolls to which they were relocated,
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however, they were set up to compete with only one experimental species—P.
damicornis. In addition, the non-interacting relocated colonies of S. ehrenbergi were
isolated from other inter-specific interactions on their segregated grids. This would have
resulted in a reduced need to produce allelochemicals for defense. Although a number of
factors may influence metabolite concentration, the only ones we manipulated here were
competition for space and nutrient concentration, and responses were received from both
of these.

Transplanting colonies in the field can represent a significant disturbance to corals
(Willis, 1987; Timson, 1987; Seddon, 1989). We do not believe, however, that this factor
caused any changes in metabolite levels. A substantial amount of time was permitted to
pass between collection of the experimental colonies, their relocation to the experimental
sites, and the measurement of complementary metabolites. Sampling for, and analysis of,
the compounds began about 1 year after relocation, allowing for any necessary healing of
tissue after collection and for acclimation to the new habitat. Leone et al. (1995) have
shown that relocation does have an initial elevating effect on the concentration of
complementary (secondary) compounds. This stress response usually lasts about 2 months,
and then the elevated concentrations of metabolites then return to their pre-relocation
levels. Photographic records and field observations over this period showed that only a
few P. damicornis colonies did not survive the set-up procedure; these were all replaced as
needed. All S. ehrenbergi colonies survived the relocation, gained biomass and reproduced
asexually throughout the study. This suggests that the relocation did not represent a source
of stress for the soft corals.

The addition of nitrogen and phosphorus, respectively, significantly enhanced the
production of sarcophytoxide in the tissues of S. ehrenbergi, under conditions of both
contact and non-contact with P. damicornis. The overall effect was significant, but weak.
The effect of the individual nutrient additions was stronger than the addition of both
nutrients together. This is a preliminary indicator that not only is competition for space
perceived as a stress for the soft coral, but so is nutrient enrichment in the local
environment—for both N and P. Thus, the organisms may be disadvantaged in the
longer-term under conditions of nutrient enrichment by having a demand placed upon
them for higher levels of complementary metabolites for long periods of time.
Interestingly enough, exposure to a combination of N and P together produced no
marked response in sarcophytoxide production, except for an increase in variance from
the controls. It is possible that the two nutrients somehow cancel each other’s individual
effects to produce a overall null effect. This question remains open and requires further
investigation.

The fact that fatty ester concentrations in control soft corals increased towards the end
of winter implies that biosynthesis of these energy storage compounds may naturally
increase at this time. The changes could not have been influenced by bleaching, because
no bleaching was observed during the course of the experiment; in addition, seawater
temperatures were low at the time when the increase in fatty ester production was noted—
during the winter. Whether the increase in concentration was because it is part of a natural
seasonal cycle or is the response to some stimulus in the local environment is not known.
What is known, however, is that production of wax esters in the relocated soft corals was
high directly after initiation of the experiment and remained so throughout the experiment.
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The variance in wax ester production was also high in relocated colonies. The implication
here is that these energy storage compounds were synthesized in response to the relocation
and that production remained high, equaling that of the non-relocated colonies. The
experiment was able to differentiate, however, between natural increases in the production
of fatty esters and concomitant, disproportionate decreases due to contact with P
damicornis. It was also able to differentiate between natural changes in concentration
and changes due to the addition of nutrients to the local environment.

Placing S. ehrenbergi colonies into direct contact with colonies of the scleractinian
coral P. damicornis resulted in a decreased concentration of fatty esters in the soft coral.
Such decreases in these energy storage compounds indicate the stress caused by contact
between the soft corals and scleractinian corals. Changes in the biosynthetic pathways of
the relocated S. ehrenbergi colonies may well have been taking place here. The interaction
between the two colonies appears to have caused a stress on the soft coral and an increased
demand for the diterpene sarcophytoxide, used in defense of space. This was indicated by
its increasing concentrations of the compound. This, in turn, increased the cost of terpene
production and probably increased the demand on energy storage supplies in the form of
waxy esters, causing a decrease in their concentrations. This agrees with the findings of
Fleury et al. (2000). The soft coral’s ability to manufacture energy reserves at the pre-
competition level for future needs may also have been affected, but this remains to be
confirmed.

The addition of phosphorus to some of the experimental micro-atolls clearly caused an
increase in the concentration of wax esters in the associated soft coral tissues. It is possible
that this response may be attributed to the role of phosphorus in the deposition of
phospholipids in biomembranes, and the biosynthesis and storage of acylated glycerol
derivatives and wax esters which are dependent on phosphate-derived intermediates
(Garrett and Grisham, 1999, pp. 819-823). Increasing bioavailability may permit
increased energy storage, mainly in the non-interacting colonies. An increase in phos-
phorus in the environment is generally construed as a source of stress, and it is also
possible that this change in environmental conditions is perceived by the organism as an
indicator for the need to manufacture additional energy storage compounds to assist in
dealing with that stress, perhaps because of increased metabolism.

The study shows that S. ehrenbergi colonies are able to alter their metabolism under
stress, increasing the production of sarcophytoxide, an allelopathic agent, at the expense
of fatty esters, energy storage compounds. This process contributes to the maintenance
the high populations of S. ehrenbergi colonies in this ecosystem. These interactions help
to explain the dominance of S. ehrenbergi populations in certain local habitats in this
region.

Acknowledgements

We thank D. Kelman, P. Kearns and O. Kern for their invaluable assistance in the field
and laboratory, and we are also indebted to A.B.B. Ferreira, J. Rideout, T.L. Aceret, A.C.
Pinto, L. Maia and L. Figueiredo for technical help and/or valuable advice. We thank the
Australian Research Committee for financial support and also CNPq (Conselho Nacional



B.G. Fleury et al. / J. Exp. Mar. Biol. Ecol. xx (2004) xxx—xxx 15

de Pesquisa Cientifica Technoldgica), Brazil for the award of a post-graduate scholarship
to B.G.F. [SS]

References

Acosta, L.A., 1999. Ecologia da reproducio assexuada de Palythoa caribaeorum (Zoanthidea: Cnidaria). PhD
dissertation, Instituto de Biologia, Universidade Estadual de Campinas, Campinas, Sao Paulo, Brasil. 194 pp.

Acosta, A., Duarte, L.F., Sammarco, P.W., 2001. Asexual reproduction in a zoanthid: fragmentation and partial
colony mortality. Bull. Mar. Sci. 68, 363—381.

Acosta, A., Sammarco, P.W., Duarte, L.F., (in press). New fission processes in the zoanthid Palythoa caribaeo-
rum: Description and quantitative aspects. Bull. Mar. Sci.

Alino, P.M., Sammarco, P.W., Coll, J.C., 1992. Competitive strategies in soft corals (Coelenterata: Octocorallia):
IV. Environmentally induced reversals in competitive superiority. Mar. Ecol. Prog. Ser. 81, 129—145.

Bakus, G.J., 1981. Chemical defense mechanisms and fish feeding behavior on the Great Barrier Reef, Australia.
Science 211, 497-499.

Bakus, G.J., Target, N.M., Schulte, B., 1986. Chemical ecology of marine organisms: an overview. J. Chem.
Ecol. 12, 951-987.

Ben-David-Zaslow, R., Henning, G., Hofmann, D.K., Benayahu, Y., 1999. Reproduction in the Red Sea soft coral
Heteroxenia fuscescens: seasonality and long-term record (1991 to 1997). Mar. Biol. 133, 553-559.

Bowden, B.F., Coll, J.C., Heaton, A., Kénig, G., Bruck, M.A., Cramer, R.E., Klein, D.M., Scheuer, P.J., 1987.
The structures of four isomeric dihydrofuran-containing cembrainoid diterpenes from several species of soft
coral. J. Nat. Prod. 50, 650—659.

Coffroth, M.A., 1985. Mucus sheet formation on poritid corals: effects of altered salinity and sedimentation.
Gabrie, C., et al. (Eds.), Proc. 5th Int. Coral Reef Congr., vol. 4. Antenne Museum-EPHE, Moorea, French
Polynesia, pp. 165—171.

Coll, J.C., 1992. The chemistry and chemical ecology of octocorals (Coelenterata, Anthozoa, Octocorallia).
Chem. Rev. 92, 613-631.

Coll, J.C., Sammarco, P.W., 1992. Chemical adaptations in the Octocorallia: evolutionary considerations. Mar.
Ecol. Prog. Ser. 88, 93—104.

Coll, J.C., Sammarco, P.W., 1983. Terpenoid toxins of soft corals (Cnidaria, Octocorallia): their nature, toxicity,
and ecological significance. Toxicon Suppl. 3, 69—72.

Coll, J.C., Bowden, B.F., Tapiolas, D.M., Dunlap, W.C., 1982. In situ isolation of allelochemicals released from
soft corals (Coelenterata: Octocorallia): a totally submersible sampling apparatus. J. Exp. Mar. Biol. Ecol. 60,
293-299.

Coll, J.C., Price, L.R., Konig, G.M., Bowden, B.F., 1987. Algal overgrowth of alcyonacean soft corals. Mar. Biol.
96, 129-135.

Connell, J.H., 1983. On the prevalence and relative importance of inter-specific competition: evidence from field
experiments. Am. Nat. 122, 661—696.

De Ruyter van Stevenick, E.D., Van Mulekom, L.L., Breeman, A.M., 1988. Growth inhibition of Lobophora
variegata (Lamouroux) Womersley by scleractinian corals. J. Exp. Mar. Biol. Ecol. 115, 169—178.

Devlin, M., Waterhouse, J., Brodie, J., 2000. Community and connectivity: summary of a community-based
monitoring program set up to assess the movement of nutrients and sediments into the Great Barrier Reef
during high flow events. In: Greenfield, P., Oliver, G. (Eds.), 3rd Int. Riversymposium, Riversymposium
2000, Sustaining Rivers-Defining the New International Agenda, Brisbane, Qld., Australia, 6—8 Sep 2000.
Water Sci. Technol., vol. 43 (9), pp. 121—-131.

Dinesen, Z.D., 1980. Some ecological aspects of coral assemblages of the Great Barrier Reef. Province. Ph.D.
thesis, Department of Marine Biology, James Cook University of North Queensland, Townsville, Qld.,
Australia.

Dinesen, Z.D., 1983. Patterns in the distribution of soft corals across the central Great Barrier Reef. Coral Reefs
1, 229-236.

Fabricius, K.E., Dommisse, M., 2000. Depletion of suspended particulate matter over coastal reef communities
dominated by zooxanthellate soft corals. Mar. Ecol. Prog. Ser. 196, 157—-167.



16 B.G. Fleury et al. / J. Exp. Mar. Biol. Ecol. xx (2004) xxx—xxx

Faulkner, D.J., 2000. Marine natural products. Nat. Prod. Rep. 17, 7-55.

Fishelson, L., 1970. Littoral fauna of the Red Sea: the population of non-scleractinian anthozoans of shallow
waters of the Red Sea (Eilat). Mar. Biol. 6, 106—116.

Fleury, B.G., 1999. Ph.D thesis. Ecologia Quimica Marinha: Competicio por espaco entre corais e efeitos de
nutrientes no metabolismo secundario de macroalgas e octocorais. Nucleo de Pesquisa de Produtos Naturais,
Universidade Federal do Rio de Janeiro, Rio de Janeiro (RJ), Brasil, 261 pp.

Fleury, B.G., Coll, J.C., Tentor, E., Duquesne, S., Figueiredo, L., 2000. Effect of nutrient enrichment on the
complementary (secondary) metabolite composition of the soft coral Sarcophyton ehrenbergi (Cnidaria:
Octocorallia: Alcyonaceae) of the Great Barrier Reef. Mar. Biol. 136, 63—68.

Garrett, R.H., Grisham, C.M., 1999. Biochemistry, 2nd ed. Saunders, Fort Worth, TX.

Grayer, R.J., Kokubun, T., 2001. Plant-fungal interactions: the search for phytoalexins and other antifungal
compounds from higher plants. Phytochemistry 56, 253—-263.

Harborne, J.B., 1999. The comparative biochemistry of phytoalexin induction in plants. Biochem. Syst. Ecol. 27,
335-367.

Hoegh-Guldberg, O., in press. The growth and survivorship of reef-building corals exposed to elevated nutrients
in a long-term manipulative field study. Proc 9th Intl Coral Reef Symp., Bali, Indonesia.

Hughes, T.P., Reed, D.C., Boyle, M., 1987. Herbivory on coral reefs: community structure following mass
mortalities of sea urchins. J. Exp. Mar. Biol. Ecol. 113, 39-59.

Kobayashi, J., Ohizumi, Y., Nakamura, H., Yamakado, T., Matsuzaki, T., Hirata, Y., 1983. Ca-antagonist subs-
tance from soft coral of the genus Sarcophyton. Experientia 39, 67—69.

Koop, K., Booth, D., Broadbent, A., Brodie, J., Bucher, D., Capone, D., Coll, J., Dennison, W., Erdmann, M.,
Harrison, P., Hoegh-Guldberg, O., Hutchings, P., Jones, G.B., Larkum, A.W.B.et al., 2001. ENCORE: the effect
of nutrient enrichment on coral reefs. Synthesis of results and conclusions. Mar. Pollut. Bull. 42, 91—120.

Kung, S.S., Ciereszko, L.S., 1977. Lipids in the eggs of the gorgonian Peudopterogorgia americana. Taylor, D.L.
(Ed.), Proc 3rd. Int. Coral Reef Symp., vol. 1. Rosenstiel School of Marine and Atmospheric Sciences,
University of Miami, Miami, pp. 525-528.

La Barre, S., Coll, J.C., 1982. Movement in soft corals: an interaction between Nephthea brassica (Coelenterata:
Octocorallia) and Acropora hyacinthus (Coelenterata: Scleractinia). Mar. Biol. 72, 119—124.

La Barre, S., Coll, J.C., Sammarco, P.W., 1986. Competitive strategies of soft corals: III. Spacing and aggressive
interactions between alcyonaceans. Mar. Biol. 28, 147—156.

Larkum, A.W.D., Steven, A.D.L., 1994. ENCORE: the effect of nutrient enrichment on coral reefs: 1. Experi-
mental design and research programme. Mar. Pollut. Bull. 29, 112—-120.

Leone, P.A., 1993. Natural products chemistry and chemical ecology of tropical Australian soft corals. PhD
dissertation, Dept. Chemistry and Biochemistry, James Cook University of North Queensland, Townsville,
Qld., Australia. 234 pp.

Leone, P.A., Bowden, B.F., Carroll, A.R., Coll, J.C., 1995. Chemical consequences of relocation of the soft coral
Lobophytum compactum and its placement in contact with the red alga Plocamium hamatum. Mar. Biol. 122,
675-679.

Lourey, M.J., Alongi, D.M., Ryan, D.A.J., Devlin, M.J., 2001. Variability of nutrient regeneration rates and
nutrient concentrations in surface sediments of the northern Great Barrier Reef shelf. Cont. Shelf Res. 21,
145-155.

McGill, R., Steven, A., 1994. Telemetric control of nutrient fertilization in a remote coral reef experiment.
Recent Advances in Marine Science and Technology (Oct. *94). PACON International and JCUNQ, Aus-
tralia. pp. 273-278.

Maida, M., Carroll, A.R., Coll, J.C., 1993. Variability of terpene content in the soft coral Sinularia flexibilis
(Coelenterata: Octocorallia), and its ecological implications. J. Chem. Ecol. 19, 2285-2296.

Pass, M.A., Capra, M.F., Carlisle, C.H., Lawn, I., Coll, J.C., 1989. Stimulation of contractions in the polyps of
the soft coral Xenia elongata by compounds extracted from other alcyonacean soft corals. Comp. Biochem.
Physiol. 94C, 677—-681.

Risk, M.J., Sammarco, P.W., Schwarcz, H.P., 1994. Cross continental shelf trends in 6'>C in coral on the Great
Barrier Reef. Mar. Ecol. Prog. Ser. 106, 121-130.

Rohlf, F.J., Sokal, R.R., 1981. Table 10, ten thousand random digits. Statistical Tables. Freeman, San Francisco,
CA, pp. 71-76.



B.G. Fleury et al. / J. Exp. Mar. Biol. Ecol. xx (2004) xxx—xxx 17

Sammarco, P.W., Coll, J.C., 1988. The chemical ecology of alcyonarian corals (Coelenterata: Octocorallia).
Scheuer, P.J. (Ed.), Bioorganic Marine Chemistry, vol. 2. Springer-Verlag, Berlin, pp. 87—116.

Sammarco, P.W., Coll, J.C., 1990. Lack of predictability in terpenoid function: multiple roles and integration with
related adaptations in soft corals. J. Chem. Ecol. 16, 273-289.

Sammarco, P.W., Coll, J.C., 1997. Secondary metabolites—or primary? Re-examination of a concept through a
marine example. Proc. 8th Int. Coral Reef Symp. 2, 1245—-1250.

Sammarco, P.W., Crenshow, H., 1984. Plankton community dynamics of the central Great Barrier Reef lagoon:
Analysis of data from Ikeda et al. (1980). Mar. Biol. (Berlin) 82, 167—180.

Sammarco, P.W., Coll, J.C., La Barre, S.C., Willis, B., 1983. Competitive strategies of soft corals (Coelenterata:
Octocorallia). Allelopathic effects on selected scleractinian corals. Coral Reefs 1, 173—-178.

Sammarco, P.W., Coll, J.C., La Barre, S., 1985. Competitive strategies of soft corals (Coelenterata: Octoco-
rallia): II. Variable defensive responses and susceptibility to scleractinian corals. J. Exp. Mar. Biol. Ecol. 91,
199-215.

Sammarco, P.W., Risk, M.J., Schwarcz, H.P., 1999. Cross-continental shelf trends in 6'°N in coral on the Great
Barrier Reef: further consideration of the reef nutrient paradox. Mar. Ecol. Prog. Ser. 180, 131—138.

Schulte, B.A., de Nys, R., Bakus, G.J., Crews, P., Eid, C., Naylor, S., Manes, L.V., 1991. A modified allomone
collecting apparatus. J. Chem. Ecol. 17, 1327—1332.

Seddon, S., 1989. The use of lipid content as an indicator of sub-lethal stress in fringing reef corals. BSc (Hons.)
dissertation. James Cook University of North Queensland, Townsville, Australia.

Slattery, M., McClintock, J.B., 1995. Population structure and feeding deterrence in three shallow-water Antarctic
corals. Mar. Biol. 122, 461-470.

Slattery, M., Hines, G.A., Stramer, J., Paul, V.J., 1999. Chemical signals in gametogenesis, spawning, and larval
settlement and defense of the soft coral Sinularia polydactyla. Coral Reefs 18, 75—84.

Sokal, R.R., Rohlf, F.J., 1981. Biometry, 2nd ed. Freeman, San Francisco 776 pp.

Steven, A., Larkum, A., 1993. Encore: the effect of nutrient enrichment in coral reefs. Search 24, 216—219.

Tentori, E., Coll, J.C., Fleury, B., 1997. Encore: effects of elevated nutrients on the C:N:P ratios of Sarcophyton
sp. (Alcyonaceae). Proc. 8th Int. Coral Reef Symp. 1, 885.

Timson, J.S., 1987. Location, quantity, and rate of change in quantity of lipids in tissues of Hawaiian hermatypic
corals. Bull. Mar. Sci. 41, 889-904.

Tursch, B., Braekman, J.C., Daloze, D., Kaisin, M., 1978. Terpenoids from Coelenterates. Scheuer, P.J.
(Ed.), Marine Natural Products: Chemical and Biological Perspectives, vol. 2. Academic Press, New
York, pp. 247-296.

Van Alstyne, K., Paul, V.J., 1988. The role of secondary metabolites in marine chemical ecology. Proc. 6th Int.
Coral Reef Symp. 1, 175-186.

Van Alstyne, K., Wylie, C.R., Paul, V.J., Meyer, K., 1994. Anti-predator defenses in tropical Pacific soft corals
(Coelenterata: Alcyonacea): II. The relative importance of chemical and structural defenses in three species of
Sinularia. J. Exp. Mar. Biol. Ecol. 178, 17—34.

Vanderah, D.J., Rutledge, N., Schmitz, F.J., Ciereszko, L.S., 1978. Marine natural products: cembrene-A and
cembrene-C from a soft coral Nephthea sp. J. Org. Chem. 43, 1614—1616.

Webb, L., Coll, J.C., 1983. Effects of alcyonarian coral terpenes on scleractinian coral photosynthesis and
respiration. Toxicon Suppl. 3, 485—488.

Whittaker, R.H., Feeny, P.P., 1971. Allelochemics: chemical interactions between species. Science 171, 757—770.

Willis, B.L., 1987. Morphological variation in the reef corals Turbinaria mesterina and Pavona cactus: Synthesis
of transplant, histocompatability, electrophoresis, growth and reproduction studies. Ph.D. thesis. James Cook
University of North Queensland, Townsville, Australia.

Zar, J.H., 1984. Data transformations. Biostatistical Analysis. Prentice-Hall, Englewood Cliffs, NJ, pp. 239-241.



	Complementary (secondary) metabolites in an octocoral competing with a scleractinian coral: effects of varying nutrient regimes
	Introduction
	Material and methods
	Study site and experimental design
	Sample collection
	Chemical and statistical analyses

	Results
	Field observations of experimental colonies
	Manipulative experiments

	Discussion and conclusions
	Acknowledgements
	References


